Noroviruses (NoV) are the leading cause of outbreak of acute gastroenteritis worldwide. A 24 substantial effort has been made in the development of analytical devices for rapid and sensitive 25 food safety monitoring via the detection of foodborne bacteria, viruses and parasites. 26
Introduction 46
Noroviruses (NoV) are the leading causes of acute viral gastroenteritis [1] , as well as one of the 47 5 used as the testing model. Carbon nanostructures usually have a wide range of absorption 92 spectrum overlapping with the fluorescence spectra of various fluorophores [16] , which allows 93 FRET between them. The paper-based microfluidic device utilized FRET between nanomaterials 94 and the virus probe functionalized fluorophore to quantitatively determine the concentration of 95 the sample. In the present work, 6-carboxyfluorescein (6-FAM) labeled norovirus aptamer 96 associated with MWCNTs or GO was employed as the "probe" to sensitively sense the presence 97 of NoV with high specificity. MWCNTs consist of multiple rolled layers (concentric tubes) of 98 graphitic sheets [17] while GO is a single-atom-thick two-dimensional carbon nanomaterial and 99 both of them are efficient quenchers to various fluorophores [18, 19] . In our study, the efficiency 100 of two kinds of nanomaterials namely, MWCNTs and GO, as the fluorescence quencher were 101 investigated. In addition, the sensing probe was operated on an easy-to-make paper-based 102 microfluidic device which is inexpensive and can be easily fabricated by a paper puncher within 103 a minute. Such paper-based microfluidic device is power free because sample can be driven by 104 the capillary force, and can be easily made within 1 min. The design of the paper-based 105 microfluidic device allows for multiplex detection (up to 6). Another advantage of using paper 106 substrate is the avoidance of complicated processes of probe immobilization and surface 107 modification which can be achieved through the physical absorption. Schematic illustration in 108 the Fig. 1a and 1b shows the main principle of this sensor, as an example, only the MWCNTs is 109 illustrated. The principle of the sensing is based on the FRET between the fluorophores and 110 nanostructure quenchers. The conformational change of the aptamer associated with the distance 111 changes between the fluorophores and quenchers leads to a measurable fluorescence intensity. A 112 ready-to-use device was made by loading the complex "probe" consisting of nanomaterial and 113 target specific aptamer with fluorescence labelling onto the reaction wells and dries out. In an 114 6 assay, sample was loaded onto the sample well followed by diffusion to the reaction wells 115 immediately and bind with the aptamers, leading to the recovery of the fluorescence. The 116 recovered fluorescence intensity was then used to quantitatively determine the target 117 concentration in the sample. 118
119
Experimental 120
Materials and chemicals 121
Carboxylic acid functionalized MWCNTs, graphene oxide, nitrocellulose membranes 122 (Whatman® Protran®) and all other mentioned chemicals and solvents were purchased from 123
Sigma-Aldrich (Oakville, ON, Canada). The 6-carboxyfluorescein (6-FAM) binding norovirus The schematic of the paper-based microfluidic device design illustrating the sensing mechanism 151 as well as the picture of the device is shown in Fig. 1c and 1d . A blossoms lever-shaped paper 152 device was patterned manually as the paper-based microfluidic device on the nitrocellulose 153 membranes by a craft punch under room temperature. The width of the "arm" channels was 500 154 µm, the diameters of the center area (sample loading point) and the detection area were 3 mm 155 and 1 mm, respectively. 156
Nitrocellulose membranes were used to make the paper-based microfluidic device. 157
Nitrocellulose membranes are a popular matrix that can be used for simple and rapid protein 158 immobilization because of its non-specific affinity for amino acids [21] . The mixture of 6-FAM 159 aptamer solution and MWCNTs or GO was pipetted onto the detection area of the paper-based 160 8 microfluidic device and allowed to dry in the air for 20 min. The dried paper was then undergone 161 the blocking treatment by using PBS with 5% BSA and 0.05% Tween-20 for 30 min. The 162 blocked paper device was then ready to use and could be stored at 4 ºC for short term storage. It 163 is noted that the nitrocellulose membrane based paper device should be kept in a dry atmosphere 164 and away from noxious fumes, avoiding exposure to sunlight, which is conducive to extending 165 the shelf life of nitrocellulose membranes-based diagnostic device and maintaining the molecular 166 recognition capability of immobilized proteins for a long time, even a few years. 167
168
During an assay, the fluorescence intensities of the reaction (sensing) zone were recorded as 169 reference. Then aliquots of varying concentrations of NoV VLPs in PBS buffer (10µL) and 170 controls were loaded onto the central, the liquid would diffuse into the detection area 171 spontaneously due to the capillary force. After incubation, the fluorescence intensities of the 172 reaction (sensing) zone were measured again to quantitatively analyse the sample concentration. 173
Each sample was tested 3 times. Three independent experiments were carried out for each 174 conditions. 175
Characterization and optimization 176
Transmission electron micrographs were obtained using the FEI-Tecani G2, operating at 200kV. 177
The fluorescent imaging (Ex/ Em=490nm/520 nm) of the detection area was taken on a 178 fluorescent microscopy (Nikon Eclipse Ti, Nikon Canada Inc., Mississauga, ON, Canada). The TEM images of the carboxylic acid functionalized MWCNTs and GO clearly showed the 195 tubular and sheet nanostructures ( Fig. 2a and 2b) . The UV-Vis absorption spectra of the 196 carboxylic acid functionalized MWCNTs and bare GO are shown in Fig. 2c and as shown the 197 maximum absorption peaks appear at 253 nm and 258 nm, respectively. Fig. 2d shows the  198 fluorescence spectra of the 6-FAM NoV aptamer. The fluorescence intensity peak is located at a 199 wavelength of 520 nm. 200
The quenching effect of two nanomaterials, MWCNTs and GO, were investigated and 201 compared. In order to obtain optimum performance, the concentrations of the MWCNTs, GO, 202
NoV aptamer as well as the reaction (incubation) time were studied, respectively. conducted by a microplate reader. All assays were performed at room temperature. As shown in 210 Fig. 3a and 3b , higher quenching effect was found at the 0.1 mg/mL of MWCNTs when NoV 211 aptamer was at 1 µM while 0.05 mg/mL of MWCNTs had higher one when the concentration of 212
NoV aptamer increased to 5 µM. For the nanostructure GO, there is no notable difference 213 between 0.05 mg/mL and 0.1 mg/mL was observed when NoV aptamer was at 1 µM and 5 µM, 214 as shown in Fig. 4a and 4b . A slightly strong quenching effect was found by GO compared to 215 that of MWCNTs, which can be attributed to the more interaction area of the sheet structure of 216 GO than the tube structure of MWCNTs. Fig. 3c, 3d and Fig. 4c, 4d shows the recovering of the 217 fluorescence quenched by MWCNTs and GO, respectively. Remarkable recovery of the 218 fluorescence quenched appeared for both of them, which was attributed to FRET generated by 219 the synergy of particles collision and π -π stacking interaction between them and aptamer [22] . 220 However, the recovery level varies. For the MWCNTs, the optimum recovery appeared at the 221 setting of NoV aptamer of 5 µM and MWCNTs of 0.1 mg/mL, as shown in Fig.3d . While for the 222 GO, the optimum recovery appeared at the setting of NoV aptamer of 5 µM and GO of 0.05 223 mg/mL. A slightly strong quenching effect was found by GO compared to that of MWCNTs, 224 which can be attributed to the more interaction area of the sheet structure of GO than the tube 225 structure of MWCNTs. Thus a relative recovery rate can be achieved by GO. 226 11 Fig. 3 and Fig. 4 also show the time-dependent fluorescence intensity changes. The time-227 dependent response was studied to obtain a suitable incubation and reaction time for quenching 228 and recovery. As shown in the figures, the quenching of the 6-FAM NoV aptamer occurred 229 immediately after adding MWCNTs or GO, and a dramatic decline was observed within 5 min, 230 and then became a plateau after prolonging time. As indicated in the Fig. 3 and Fig. 4, the  231 recovery of the fluorescence could be completed within 5 min, because no notable intensity 232 changes appeared afterwards. Thus 5 min was considered as the optimal incubation time for 233 quenching as well as the optimal recovery time. when they were mixed and coated on the paper surface due to the FRET process between the 374 probe and GO. In the presence of the NoV, the aptamer would bond to the protein because of the 375 stronger association constant between them, resulting in the fluorescence revocery. b Schematic 376 of the paper-based microfluidic device design for NoV detection using NoV aptamer 377 functionalized MWCNTs. c the picture of the paper-based microfluidic device. 378 
